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Ferrous iron (Fe(II)) has been implicated as one contributor in the generation of reactive 
oxygen species (ROS) from ambient particles emitted during the incomplete combustion of 
fossil and biomass fuels. Although ROS are known to induce unhealthy oxidative stress in 
cellular systems, the mechanisms of Fe(II) formation and stabilization in aerosol particles are 
still not well understood. Here, we investigate the role of soot on Iron reduction from Fe(III) to 
Fe(II), under various conditions including those encountered in the tailpipe of a vehicle. 
Aqueous leaching experiments of soot-hematite mixtures were carried out while analyzing for 
Fe(II) spectrophotometrically, and changes in Fe(II) concentrations were then investigated in 
the context of soot characteristics, including surface area, surface functional groups, and soot 
structure. Results show that some soot-iron mixtures have a synergistic effect on the reduction 
of Fe(III), representing between 0.001% to 0.30% Fe(II) of total Fe within the first 120 min of the 
experiment and up to 0.82 % Fe(II) after 48 hours or extraction. Extent of reduction depends on 
type of soot and its pre-treatment. Exposure to light did not significantly change Fe(II) 
production in soot-hematite mixtures. These results indicate that, during night-time, the 
production and stabilization of Fe(II) by soot can significantly contribute to total Fe(II) 
concentrations in ambient aerosol particles. 
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Summary and Purpose 
A worldwide effort has been made to reduce hazardous air pollutants, like airborne 
anthropogenic particulates. Still respiratory diseases continue to increase, especially in 
industrialized countries (Murr et al., 2006). Continuous monitoring of atmospheric particulate 
matter has become of interest to many scientist and studies have been performed to 
determine the number concentration and size distribution measurements. Studies performed in 
Europe based on particle size distribution (Wehner and Wiedensohler,  2003), evolution of the 
number concentration (Väkevä et al., 1999), and temporal changes of aerosol number 
concentration in urban areas showed that air quality is driven by vehicle emissions (Buzorius et 
al., 1999). Automobiles are the largest polluter of emissions as a billion vehicles in use have 
been adding up to a planet-wide problem. During fossil fuel combustion, hydrocarbon 
molecules decompose into various carbon-containing particles called soot. These particles 
contain byproducts such as aromatic structures, acetylene, alkanes, aromatic aldehydes, 
polycyclic aromatic hydrocarbons (PAHs), graphene-like structures (Howard and Richter, 2000) 
and trace metals (Lowry et al., 2010), all of which have been found to play a role in the 
environment and our health (Gieré and Querol, 2010). 
Ultrafine particles (UFP) are defined by their diameter of 100 nm or less and are 
commonly released from internal combustion engines because of incomplete fuel combustion. 
Other UFP sources come from consumer applications, such as appliances, surface coatings, 
automobile parts, oil additives, engine wear and electronics (Handy et al., 2008; Nowack, 2008; 
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Stern and McNeil, 2008). Substantial epidemiological evidence points these UFP to be 
particularly toxic (Yang et al., 2001). PAHs are of special concern because of  their cancer 
causing properties (Gieré and Querol, 2010). 
Interest in our study of these UFP is primarily due to their known detrimental effect on 
our health. It has been shown that UFP toxicity is derived primarily from their chemical 
composition such as particle surface functional groups, shape, size and trace elemental content 
(Lowry et al., 2010), whereby the most abundant transition metal contained in UFP is iron 
(Ntziachristos et al., 2007; Geller et al., 2005; Li et al., 2003). Ultrafine iron can be emitted from 
diesel fuel, which in Europe, iron has been known to be added to suppress the formation of 
soot. Iron, in this case, is released into the atmosphere in association with residual amounts of 
soot (Yang et al., 2001).  
Results from previous studies in our research group indicate that oxidized PAH 
derivatives and reduced iron species may play an important role in soot toxicity when exposed 
to mitochondria (Faiola et al, 2011). We have found that ferrous iron (Fe(II)) and anthracene, or 
derivatives thereof, are the key players in the detrimental effect of UFP through the assumed 
production of Reactive Oxygen Species (ROS). ROS are extremely oxidative compounds that 
attack anything in their path; however, the processes that lead to Fe(II) production in 
carbonaceous material and how the interplay between anthracene and Fe(II) takes place to 
cause toxicity are not completely understood (Faiola et al, 2011). 
My objective in this research is to identify and study iron-soot reactions both in the 
tailpipe and atmosphere to establish their role in iron reduction and soot oxidation. Results 
from this research will increase our understanding of the iron redox processes that occur 
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before and after soot is emitted into the environment. Experiments and analyzes were 
performed with existing instrumentation at Central Washington University (CWU), including 
solar simulator, UV-Vis spectrophotometry, X-ray powder diffraction (XRD), and the surface 
area analyzer. X-Ray Photoelectron Spectroscopy (XPS) was available for our use at the 
Environmental Molecular Science Laboratory (EMSL) at the National Lab in Richland, 
Washington.  
Particulate Matter 
Atmospheric Particulate Matter (PM) is commonly described as a mixture of liquid and 
solid particles. Large particles, which can be seen by the human eye, include dirt, dust, soot or 
smoke whereas smaller particles can only be detected using highly advanced instrumentation. 
Particulate material originates through natural or anthropogenic, i.e. man-made, sources. 
Anthropogenic PM and natural PM also have different physical and chemical properties, which 
influence human health and natural processes. Urban areas, in particular, are exposed to 
anthropogenic PM because of the great abundance of sources. Both sources can be described 
as a primary air pollutant, which are particles that are directly emitted from an emission source, 
or secondary, which are those that are made by reactions between the primary air pollutants 
and normal atmospheric aerosols. Secondary reactions commonly utilize energy derived by 
sunlight (Gieré and Querol, 2010). Nucleation of aerosols from either the gas or liquid phase 
and mechanical abrasion of solids are the main physical processes by which PM is formed 
(Querol et al., 2004). Much of Earth’s PM has a natural-primary origin (97%), where the natural-
secondary, anthropogenic-primary and anthropogenic-secondary contributions are around 1% 
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each. On a global scale, human activity detrimentally influences secondary PM flux (Gieré and 
Querol, 2010). By mass these mineral aerosols compose roughly 16.8 Tg of the global 
atmospheric aerosol while anthropogenic aerosols like soot compose 0.32 Tg of black carbon. 
Other carbonaceous PM such as diesel particulate matter (DPM), which is similar in size and 
morphology (Murr et al., 2006) is not included in the total mass influenced by industrial 
sources. 
 In well developed countries, internal combustion engines have shown to contribute 20-
40% of the fossil fuel combustion and therefore increased levels of emission have been seen in 
urban areas. Approximations of the sizes of diesel particulate emissions show that ultrafine 
particles represent 0.1-1.5% of particle volume (mass) but 35-97% of the particle number 
(Lighty et al., 1995). Typical PM mass levels emitted from newer diesel engines can range from 
15-30 mg m-3 while older engines contain higher levels of PM mass but lower ultrafine particles. 
lower PM mass emissions have been seen in gasoline engines than diesel engines where 
tailpipe particle emission mass is as low as 0.1 mg m-3 (Schauer et al., 2001). Within these 
emissions, significant elemental carbon (EC), organic carbon (OC) and particle bound transition 
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Table 1: Metal emissions from internal combustion engines. Note: The values shown below were 
calculated by the authors, which represent emissions in mg/mile; NR = not reported. Adapted 
from Schauer et al., 2001.  
Sample Diesel Trucks Automobiles 
Total Mass 845 + 22 7 + 4 
Elemental Carbon (EC) 260 + 9 NR 
Organic Carbon (OC) 166 + 6 NR 
Si 5.3 + 0.2 0.12 + 0.12 
Fe 0.42 + 0.02 0.11 + 0.09 
Zn 0.59 + 0.03 0.009 + 0.005 
S 1.86 + 0.07 0.7 + 0.9 
SO42- 8.5 + 0.5 NR 
NH4+ 6.2 + 0.3 NR 
 
Atmospheric aerosols can be generally defined by their diameter size ranges, which 
include Nucleation mode, Aitken mode, Accumulation mode and Coarse mode (Figure 1). 
Ultrafine aerosols, which have been described as particles within the nucleation mode and part 
of the Aitken mode (UFPs <100 nm), represent about 80% of the total number of particle 
concentration (Querol et al., 2004). They are normally generated by nucleation from secondary 
particles or by direct emission as primary particles. These developing aggregates reside shortly 
in the atmosphere as they can be removed within hours to a couple of days. Removal of these 
particles comes from deposition, volatilization, coagulation and condensation processes. The 
size of these particles increases the longer they remain in the atmosphere because of 
coagulation and aggregation, forming the Aitken mode (20-100 nm) (Charron and Harrison, 
2003). Particles in the accumulation mode make up the largest surface area and are primarily 
produced by aggregation of pre-existing particles (See orange outline in Figure 1). 




Figure 1 Atmospheric particle size distribution described as total particle number versus 
diameter (nm). Adapted from Buseck and Adachi, 2008  
Accumulation mode particles can remain in the atmosphere longer than two weeks and 
are removed primarily by precipitation. Coarse particles of size range 1-10 µm are primarily 
generated by mechanical abrasions as a result of sea spray and erosion of rocks and minerals. 
Their contribution to the total number of particles in the atmosphere is low due to their high 
mass and resulting short residence lifetime (Mészáros, 1999).  
Despite their relatively low concentration and general contribution to the atmospheric 
make up, aerosol particles can considerably affect global climate, human health and the 
environment. The impact of these aerosols on Earth’s radiative balance and on climate has 
been studied extensively (Coakley et al., 1992). Depending on their makeup, they can scatter 
and have a cooling effect or absorb Infrared Radiation (IR) and impart a heating effect, such as 
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the black carbon component of combustion derived particles. Furthermore, aerosol’s reactivity 
to work as cloud condensation nuclei (CCN) also leads to various effects on atmospheric 
temperature (Dickerson et al., 1997). 
Impact of Particulate Matter on Human Health 
Human exposure to airborne particles has been experienced throughout evolution, but 
it wasn’t until industrialization occurred that such exposure increased because of internal 
combustion engines, power plants and other anthropogenic sources (Oberdörster et al., 2005). 
In a study regarding atmospheric aerosols that began in 1984 incorporating six U.S. cities 
suggests that a mixture of toxic particles related to fine PM contributes to excess deaths. 
Mortality is strongly associated with the levels of fine, inhalable, and sulfate particles than with 
concentration of the entire mixture of PM. It was evaluated that under long-term exposure, air 
pollution likely caused lung cancer (Dockery et al., 1993). Under normal circumstances it is the 
smallest particles that can be inhaled into the smallest pockets of the lungs and cause 
pulmonary diseases, cardiovascular diseases, cancer and even mortality (Pope III and Dockery, 
2006). As a result, standards have been set by U.S. national health on the fine fraction of PM 
less than 2.5 µm (PM2.5) in diameter. Particles this size are commonly found in urban areas from 
the direct emissions of vehicle engines (Dockery et al., 1993). 
For UFPs, the chemical composition, size and surface area are key characteristics that 
allow them to reach the smallest branches of the lung commonly known as the bronchioles and 
alveoli, which are believed to be what cause adverse health effects. (Bräuner et al., 2007). Fine 
particles have also been found to contain higher concentrations of organic compounds, 
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bioavailable metals, nitrates, and sulfates as compared to coarse particles (Pritchard et al., 
1996). A typical person depending on age and physical activity can inhale approximately 6-12 
m3 day-1 of ambient air. Where the larger particles (PM10) are restrained in the nose and throat, 
and ~60% of the smallest fraction of particles(PM0.1) is deposited in the lung. Under normal 
respiratory volumes, inhaling 10 µg m-3 of ambient air in the PM2.5 fraction results in an average 
of about 0.035 mg of particles deposited in the lung per day. This has led to the belief that 
people are highly susceptible to particulates or that certain components of ambient PM is 
highly toxic. (Lighty et al., 1995). Where inflammation and oxidative stress can be caused by 
PM, with smaller particles being relatively more toxic in part because of their higher surface 
area and reactivity (Bräuner et al., 2007). 
Sources of Soot and Iron PM 
Soot 
The major source of carbonaceous soot to the environment is the organic material 
emitted by vehicle internal combustion engines, combustion sources from either industrial or 
domestic sites, and from natural sources like volcano fumes or forest fires (Rockne et al., 2000). 
The products formed in the combustion of organic fuel, which includes soot, char and ash, are 
chemically and morphologically different. The smallest soot particles are the result of gas phase 
chemical reactions which lead to the inception of a solid particle (Puri, 1993). 
Diesel engines emit large quantities of carbonaceous material called diesel particulate 
matter. Even though modern engines have lowered the mass of particles being released from 
the tailpipe, it is possible that a larger number of the nano-size particles are being produced. 
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This can be related to the self-nucleation of volatile species while traveling through the exhaust 
pipe of a vehicle and as aerosols exit the tailpipe (Abdul-Khalek et al., 1998) Soot precursors can 
originate from the partially oxidized fuel and travel through the plume, which contains high 
concentrations of developing soot primary particles and cause further coagulation with other 
particles. As the particles move through the tailpipe, semi volatile species like lube oil vapors 
and PAHs can also adsorb onto the developing agglomerate particles. When these particles get 
closer to the exit of the tailpipe a further cooling occurs and more volatile species condense 
into the newly formed plume. The resulting complex mixture of particles makes diesel 
particulate matter (Miller et al., 2007).  
Soot aerosols are most generally referred to as a mixture of light-absorbing elemental 
carbon, condensed hydrocarbons, and water-soluble material (Winkler, 1988). Carbonaceous 
aerosols like soot are also believed to interact with water and undergo oxidation processes 
which can lead to the formation of carboxylate polar surface groups (Smith and Chugtai, 1995; 
Lary et al., 1999) Newly produced soot particles are composed of primary spherules that form 
aggregates and develop complex microstructures that can contain active sites for deposition of 
water and other chemicals (Zhang et al., 2008). When soot nucleation begins, the amount of 
growth and composition of soot will vary by the addition of gas-phase species and breakdown 
by oxidation (O2, OH-) and other gas-phased oxidants (Higgins et al., 2002). 
These characteristics allow soot aerosols to act as cloud condensation nuclei (CCN) and 
interact within cloud droplets. The nucleation process is dominated by the particle size, 
chemical composition and surface characteristics (Hanel, 1976). While nucleation processes are 
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well known for some aerosols, little is known about cloud droplet nucleation on carbonaceous 
particles. 
Iron 
Trace metals are of particular interest because of their likelihood to impact human 
toxicity, atmospheric chemistry and their impact on particle morphology and chemistry. 
Inorganic metals found in the tailpipe of vehicles are normally derived from trace metals in the 
fuel or metallic fuel additives but most are assumed to develop from lube oil additives and by-
products of engine wear that enter the combustion chamber via reverse blow-by of the piston 
rings (Miller et al., 2007). 
While total iron found in ambient particles changes due to source, time and season, 
recent work has explored the role of iron in urban areas. Majestic  et al (2006) found Fe(II) 
mean concentrations of 19.6 ng m-3 PM10 in air samples from East St. Louis, Illinois. Chuang et al 
(2005) found soluble Fe concentrations of 32 + 19 ng m-3 at Cheju, Korea. Fe(II) concentrations 
have also been looked at in Ellensburg and Seattle, Washington with 106 + 86 ng m-3 and 5.3 + 
7.2 ng m-3 Fe, respectively (Fiola et al, 2011). 
Iron speciation, water solubility, particle morphology and chemistry will vary depending 
on atmospheric process. Light, i.e. photochemistry, and changes in particle pH will impact the 
way these aerosols will react. Previous work has shown Fe(III) to be capable of undergoing 
photo-reduction in the presence of carboxylic acids in fogs and soot aerosols (Johansen and 
Key, 2006). Synergistic relationships have been determined to occur between polycyclic 
aromatic hydrocarbons, ferrous iron (Fe(II)), and carbonaceous soot material which facilitates 
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the transfer of electrons to molecular oxygen (O2) thereby producing superoxide radicals (O2-) 
(Faiola et al, 2011; Jeng, 2010; Verma et al., 2010). Furthermore, the redox capabilities of the Fe 
catalyst make it a highly efficient species to undergo a Fenton-like system to produce hydroxyl 
radicals, i.e. ˙OH, in the presence of H2O2 (Figure 2). It is believed that the combined ROS 
species (i.e., -OH, HO-/O-, H2O2) cause oxidative stress and ultimately lead to cell death (e.g., (Li 
et al., 2003; Oberdörster et al., 2005).  
 
Figure 2 Simplified schematic indicating the potentially linked Fe(II)/Fe(III) and 
anthrahydroquinone/anthraquinone catalytic redox pairs in the efficient production of ROS (in 
bold) in the presence of organic electron donors. Adapted from Faiola et al., 2011 
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Proposed Iron-Soot Interactions 
Ultrafine particles have been confirmed to have more complex chemical properties do 
in part to particle size. Variations are attributed to their high degree of structural differences in 
surface and crystal shape (Hochella et al., 2008). Both the structure and composition are 
needed to define a mineral species because differences will impart different solubility’s, 
functional groups on the surface, different tolerances for various trace elements, and oxidation-
reduction characteristics (Guthrie Jr, 1997). The importance of these differences will impact 
particle bio-durability and toxicity. Surface chemistry will impact bonding strengths for various 
surface oxygen sites and determine redox reactions (Faiola et al., 2011). For example, trace 
metals along with aromatic hydrocarbons have been found to be strong contributors in the 
production of reactive oxygen species (Wilson et al., 2002, Li et al., 2003, Xia et al., 2014, Chen 
and Lippmann, 2009)  
Since the early 1990s, scientist have hypothesized different mechanisms that would 
explain particle toxicity but no known particulate matter is toxic enough at the common 
exposure levels that would explain all the health effects seen (Guo et al., 2009). One possible 
solution was described by Bing Guo who played with the idea that synergism between different 
components of particulate matter play a big part of protein oxidation. His experiments 
determined proximity between carbon black with Fe2O3 particles caused a synergistic oxidative 
effect on human lung cells significantly greater than their individual exposure (Guo et al., 2009). 
We believe this is likely to occur with carbonaceous material as it contains a plethora of pi bond 
electrons associated with sp2 hybridized orbitals of the graphite layers that are free moving. 
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Like in a metal, it is possible that these electrons are continuously supplied to electron 
acceptors in solution such as Fe(III), therefore, causing redox reactions (Figure 3).  
We hypothesize that similar reactions occur in soot particles in the tailpipe of vehicles 
and as they are released into the atmosphere through a Fenton like reaction, as shown in Figure 
3, where a redox cycle occurs between Fe and PAHs to produce ROS. Electrons may transfer 
from the electron-rich soot to the oxidized Fe(III) before soot is emitted into the atmosphere. A 
surface compound with strong redox properties, like trace metals or PAHs, can mediate 
electrons to O2. As a result, interactions between Fe(II)/Fe(III) and hydroquinone/quinone type 
surface structures could potentially produce a superoxide radical, O•2, while regenerating the 
UFP surface catalyst.  
Currently, not much is known about the relationship between Fe and soot in the 
atmosphere and the role it plays in our health and climate. Understanding mechanisms that 
contribute to iron reduction in soot particles will help better predict the impact of emissions 
from combustion engines on human health. Here, we investigate the role of soot on reduction 
of Fe(III) to Fe(II). 




Figure 3 Diagram of the reaction mechanism under investigation. Ferric iron (green Fe(III)) is 
reduced by carbonaceous soot material to make ferrous iron (purple Fe(II)) with simultaneous 
oxidation of soot surface functionality groups. 
General Iron Chemistry 
Iron is one of the most common elements found on Earth by weight. Its interaction with 
air in the presence of water leads to the formation of iron oxide minerals such as hematite 
(Fe2O3), or magnetite (Fe3O4) where it exists in its two most common oxidation states, Fe(II) and 
Fe(III). These two iron oxidation states are called the divalent, or ferrous, form and the 
trivalent, or ferric, form, respectively. In the atmospheric environment, iron is mainly in the 
ferric form, as an iron oxide or hydroxide and found to have very low solubility; however, iron is 
also known to have a tendency to form complexes with ions of inorganic and organic materials 
and as a result become more soluble (Hem and Cropper, 1959). The amount of dissolved iron in 
any environment is largely related to pH and Eh of the solution (Figure 4). 




Figure 4 Eh-pH diagram for Fe2O3. Adapted from Scheffer and Schachtschabel, 1989  
In equilibrium with the atmosphere, the most common iron in natural waters is ferric 
hydroxide Fe2O3·3H2O. The area between pH 5.0 and 8.0 and Eh 0.2 and 0.5 in Figure 4 includes 
what is expected to be found in shallow surface waters. Most of this area is represented by 
ferric iron with small amounts of iron expected to be in solution. With the solubility products 
(Ksp) of Fe2O3 and Fe(OH)3 being 1.0 x 10-87 and 1.0 x 10-39 the Fe(III) concentration can be 
determined for both ferric oxides in contact with water. The following expression details how 
much Fe(III) will dissolve in water from Fe(OH)3 (equation 1) or Fe2O3 (equation 2). 
Fe(OH)3 = Fe(III) + 3OH-     1 
Fe2O3 + 3H2O = 2Fe(III) + 6OH-    2 
Using the Fe2O3 equation above, the equilibrium constant for the reaction is given by 
equation 3. 
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Ksp =   [Fe(III)]2[OH-]6     3 
            [Fe2O3][H2O]3 
Solids (Fe2O3) and liquids (H2O) are not included when calculating solubility constant 
expressions because their concentrations do not change the expression. Any change in their 
concentration are insignificant and therefore do not influence the solubility equilibrium 
(equation 4).  
Ksp = [Fe(III)]2[OH-]6     4 
Using the expression in equation 4, the hydroxide ion concentration can be used to 
calculate the Fe(III) concentration at any pH by the constant of water, or Kw, which is 1.0 x 10-14 
(equation 5).  
Kw = [H+][OH-] and [H+] = 10-pH      
At pH = 7, [OH-] = Kw/[H+] = 1.0 x 10-14/1.0 x 10-7 = 1.0 x 10-7    
[Fe(III)] = (Ksp/[OH-]6)1/2 = (1.0 x 10-87/1.0 x 10-42)1/2 = 3.16 x 10-23 M  5 
Thus, at pH of 7, Fe(III) concentrations at equilibrium and within the pH range of 5-8, 
this iron state is found in the solid state with very low solubility (Figure 5). Ferric iron in these 
conditions tends to build strong complexes with other inorganic molecules in particular 
carbonate ions, and sulfates. 




Figure 5 Log [C]-pH Iron solubility graph. Adapted from Snoeyink and Jenkins, 1980. 
Iron oxides (α-Fe2O3) occur in a range of forms. Its redox capabilities and ability to 
nucleate and grow on the surfaces of other particles plays an important role in biogeochemical 
processes at the Earth’s surface. Hematite, for example, begins as an Fe(III) phase which 
agglomerates from small octahedral Fe (OH)x units in solution. Its properties allow it to undergo 
reduction by oxidation of carbonaceous material but it can reform to repeat the process (Hem 
and Cropper, 1959). First formed particles have large surface area/volume ratios to allow 
relatively large reactive surfaces. Ferrous iron is commonly oxidized to the ferric state by the 
atmospheric oxygen (Hem and Cropper, 1959) 
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Iron Chemistry in the Atmosphere 
As it has been shown on the pH-pE diagram for hematite, Fe(III) is the most dominant 
form of Fe in the environment. Yet, Fe(II) levels have been seen within cloud droplets in the 
atmosphere, which are far larger than those expected from such thermodynamic 
considerations (Zuo and Hoigne, 1992). It has even been shown that this metal could be one of 
the contributors in transformation reactions of organic pollutants in cloud droplets, ozone and 
sulfur dioxide. Its oxidation state and speciation allow iron to react differently with 
photooxidants and pollutants. In the reduced form (Fe(II), Fe(OH)2, Fe(OH)3- and FeOH+), it can 
undergo transformation reactions with hydroperoxyl radicals (HO2•) and superoxide radicals 
(O2-). In the oxidized form (FeOH2+ and Fe(III)), iron can react with reducing agents such as O2-. 
Complexes of organic and inorganic ligands with Fe(III) have shown to be less reactive with 
reductants than uncomplexed forms (Sedlak and Hoigne, 1994) but some Fe(III) complexes are 
light sensitive and will photochemically react resulting in reduced iron and the production of 
HO2•/O2- (Zuo and Hoigne, 1992). 
In cloud droplets containing mixtures of oxidants, reductants and metal-ion-chelating 
compounds, the relative concentrations of Fe(II) and Fe(III) are determined by the oxidizing, 
reducing and complexing environment. Because of this, iron is capable of being found in the 
reduced form primarily during the day time when reductants or complexes are present and 
photochemistry allows for ligand to metal charge transfer (LMCT) to reduce Fe(III) to Fe(II). A 
known mechanism that occurs more often during the day time has shown the production of 
some Fe(II). In this mechanism, O2- concentrations, which are found in the atmosphere, can 
easily react with Fe(III) while exposed to light to produce Fe(II).  
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While the presence of sunlight or other reactive species can have an impact on iron, it is 
the likelihood of oxidation of iron that will dominate the distribution of Fe(II) and Fe(III) within a 
cloud droplet (Behra and Sigg, 1990). Table 2 describes iron redox reactions competing 
simultaneously in the atmosphere.  
Table 2 Iron reactions in cloud droplets. Adapted from Sedlak and Hoigne, 1994 
Fe(II) reactions 
1: Fe(II) + H2O2  Fe(III) + OH• + OH- 
2: Fe(II) + O3—H+  Fe(III) + OH• + O2  
3: Fe(II) + HO2 H+  Fe(III) + H2O2 
4: Fe(II) + O2-—H+  Fe(III) + H2O2 
Fe(III) reactions 
5: Fe(OH)2+ + hʋ  Fe(II) + OH• 
6: Fe(III) + O2- Fe(II) + O2 
7: Fe(III) + n(C2O4)2-  Fe3+(C2O4)n(3-2n) 
8: Fe3+(C2O4)n(3-2n) + hʋ + O2  Fe2+ 2CO2 + n – 1(C2O4)2 + O2- 
Significance 
Previous research has shown that within human cells oxidative stress is not induced by 
Fe(III) ions and hydroxyl radicals are not generated in the presence of H2O2 unless a reducing 
agent is available (Guo et al., 2009). However, if both soot and iron particles are present within 
the cell, the synergistic effect can pose higher risk for oxidative stress. The proposed research 
will determine whether these reactions can occur in the atmosphere and whether there will be 
a significant difference if exposed to different environments. 
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The proposed research will elucidate potential mechanisms for Fe(III) reduction to Fe(II) 
in the presence of soot. The primary objective is to characterize the reactions occurring 
between Fe and soot before and after leaving the tailpipe of the vehicle. A couple of studies 
have been conducted on Fe in soot (Guo et al., 2009) but this is the first study in which 
hematite (α-Fe2O3) is mixed with soot to simulate the Fe-soot chemistry in the tailpipe and in 
the atmosphere.  
Scope of the Study 
The goal of this study is to investigate the role of soot on the overall and relative 
contributions of electron transfer reactions to Fe(III) to produce Fe(II). The following 
hypotheses will be tested:  
(1) Fe(II) is produced in the presence of soot by the reduction of Fe(III) in hematite. 
(2) The reduction of Fe(II) in (1) is significantly enhanced (i) under conditions encountered in 














To study changes in Fe(II) production in a soot matrix, leaching experiments were 
performed on various soot-Fe mixtures. Experiments were carried out in light and dark 
environments where soot and iron were treated in various conditions including mimicking the 
conditions expected to be found in tailpipe of a vehicle. Following are detailed descriptions of 
each procedure and methods starting with the experimental setup for leaching.  
Synthesized hematite (α-Fe2O3) in combination with black carbon (L101, XE02, P90, and 
GfG) were analyzed in duplicate or triplicate every ten minutes for 120 minutes with extended 
trials collecting data points at 24 and 42 hours after mixing to determine long term production 
of Fe(II). For light reactions, samples were only analyzed for a total of 3 hours. In general, 
mixtures of 0.300 g (0.100 g for the Palas GfG soot experiments) iron-soot (5% Fe= 0.0213 g 
hematite) samples were placed in a 125-mL amber glass bottle and 50 mL of purged 18 MΩ 
nanopure water (pH 3.25) was added. For GfG soot the amount of hematite was adjusted 
correspondingly to 0.100 g of sample simply because of its availability. A Teflon coated 
magnetic stir bar was used to mix each sample using the lowest setting of the stir plate. Stirring 
was maintained throughout the entire experiment. At set time intervals, 2.7 mL aliquots of 
sample were removed by filtering using a 0.45 µm pore size Polysulfone Acrodisc® syringe filter 
and the filtrate was mixed with 0.30 mL of 6 mM Ferrozine (monosodium salt hydrate of 3-(2-
pridyl)-5,6-diphenyl-1,2,4-triazine-p,p’-disulfonic acid) dissolved in 18 MΩ-cm water acidified 
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with 0.5 M HCl to pH 3.25. Samples were withdrawn in ten minute intervals from initial time for 
the first hour and then every hour for up to 3 hours and up to 48 hours for the dark reactions. 
Samples were then taken to the HP-Photodiode Array UV-Vis Spectrophotometer for analysis in 
a 1 cm cuvette. Absorbance was measured at λ = 562 nm. 
Analysis for the light reactions was analogous to the dark reactions but a light source 
was used. Aqueous suspensions of Iron-soot mixtures were exposed to light. Sunlight was 
simulated using a 1000 W Xenon ozone free lamp equipped with a cooling housing (Thermo 
Oriel, Product number 66921) (Figure 10). Light passes through a filter and through two air 
mass filters and is then redirected in a 90° angle onto the sample container. The light reaching 
the reactor vessel should simulate the solar spectrum at the surface of the earth and near the 
equator. The Initial reaction mixture consisted of 50 mL of sample solution that was placed in a 
250 mL water-jacket Pyrex glass container and maintained at a constant 20 °C using a 
recirculating water bath. A Teflon coated stir bar was used during the entire experiment to 
moderately stir the solution. 
Soot and Fe- Particles 
Four different black carbon particles were used: (i) three commercially available carbon 
black (Flammruss 101 Lamp (L101), Printex 90 Furnace (P90), Printex XE 02 Conductive (XE02)) 
and (ii) soot produced by the Palas GfG 1000 spark discharge aerosol generator. The 
commercially available soot was obtained in large quantities from Evonik Degussa GmbH while 
the latter type was manufactured in lab. All types are commonly used for chemical and 
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exposure studies because of their ability to make highly reproducible and well-characterized 
particles (e.g., (Müller et al., 2005; Pöschl et al., 2001; Su et al., 2004)). 
Based on preliminary results, hematite was the iron oxide of choice for a controlled 
addition of Fe to soot. Hematite was found not to undergo detectable crystallographic changes 
in high temperatures and it is ubiquitously found as a stable product of other 
iron(oxy)hydroxides when aged and exposed to high temperature environments (Schwertmann 
and Cornell, 2000). All soot-iron mixtures were made to contain 5% Fe by mass. The following 
mathematical expression (equation 6-8) was used to calculate the required mass of hematite 
with 5% Fe in a total sample weight of 0.300 grams. This is a representative concentration of 
iron observed in ambient aerosols (Lin et al., 2005). 
 
5% Fe =              X g Fe                 = 0.015 g Fe    6 
               0.300 g total sample 
Using the molecular weight of Fe of 55.85 g mol-1 and the mole expression of Fe to Fe2O3 
0.015 g Fe   x   1 mol Fe     x    1 mol Fe2O3    = 1.34 x 10-4 mol Fe2O3  7 
55.85 g Fe           2 mol Fe 
And the molecular weight of hematite (Fe2O3) 159.69 g mol-1 
1.34 x 10-4 mol Fe2O3   x    159.69 g Fe2O3 = 0.021 g Fe2O3    8 
                                                                         1 mol Fe2O3 
 
Hematite was synthesized by forced hydrolysis of acidic Fe solution following 
Schwertmann’s procedure (Schwertmann and Cornell, 2000). Two liters of 0.002 M HNO3 was 
heated to 98 °C using a 1370G Gravity Oven. When the desired temperature was reached, the 
reaction vessel was removed from the heat and 16.16 g unhydrolyzed crystals of Fe(NO3)3·9 
H2O (0.02 M Fe) were added followed by fast stirring. The flask was covered with a watch glass 
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and immediately placed in the oven for seven days at 98 °C (Schwertmann and Cornell, 2000). 
The resulting solid was a bright red sediment that was centrifuged, washed and dried. Purified 
distilled water (18 MΩ-cm Milli-Q® Advantage A-10 Ultrapure Water Purification System) was 
used to minimize any impurities that were associated with the procedure. 
GfG soot was generated with the commercially available GFG 1000 Graphite Aerosol 
Generator instrument (Figure 6). The GFG 1000 can generate very fine carbon particles by spark 
discharge between two graphite electrodes using a strong voltage and a constant spark 
frequency discharge (200 Hz). To prevent oxidation of carbon, a flow of argon (1.0 bar pressure 
minimum) was used between the electrodes which are about 5 inches in length. The carbon 
particles were transported by the argon flow and collected on a clean Erlenmeyer flask 
submerged in a cold-water bath where they condensed into very fine primary particles and 
agglomerated. Collected particles were placed in an amber glass bottle, labeled accordingly and 
stored in the refrigerator until ready for experimentation. 
For analysis, all iron-soot particles were weighed individually, placed in an amber vial 
and mixed in an aqueous solution of 18 MΩ-cm distilled water using a Teflon-coated magnetic 
stir bar. 
 





Figure 6 (A) GFG 1000 Graphite Aerosol Generator. (B) GFG 1000 internal components 
containing two graphite electrodes (5 inches in length). A flow of argon (1.0 bar pressure 
minimum) was used between the electrodes. Adapted from Palas GmbH. 
Heat Treatment 
Prior to leaching experiments, soot-iron mixtures were heat treated to simulate the 
hypothesized Fe reduction reactions in the engine exhaust system. Iron-soot mixtures and 
controls were placed in a tube furnace (OTF-1200X) equipped with a gas monitor to allow for 
exposure to a variety of atmospheric conditions. The OTF-1200X (Figure 7) is a tube furnace 
capable of reaching temperatures up to 1200 °C. The furnace is equipped with a two-inch 
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quartz tube, a stainless-steel sealing flange, and one-quarter inch rubber hose to allow the 
heating of samples and allowing gas flow.  
 
 
Figure 7 OTF-1200X high temperature furnace with labeled components. 
A program was established to obtain simulated temperatures in the tailpipe of a vehicle 
(Figure 8). The program was segmented into seven stages to reach the target temperature of 
600 °C and cool down safely. A sample mixture (hematite and/or soot) of 0.350 grams was 
placed on an OTF-1200X specific plate and sealed within the furnace tube before starting the 
heating program. The samples were exposed to temperatures up to 600 °C to simulate tailpipe-
gas-like compositions (Heck and Farrauto, 2001). The following temperature profile was used: 
(Stage 1-2) From room temperature, heat up time was set at 15 minutes to reach 450 °C and 
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kept there for 10 minutes, (Stage 3-4) heat-up time of 15 minutes to reach target temperature 
and maintained 10 minutes, (Stage 5-6) cooling time of 15 minutes to 450 ° C and maintained 
10 minutes, and (Stage 7) automatic shutdown of the program. When furnace temperature 
read ~ 200 °C the furnace door was opened and samples were then removed from furnace 
when the temperature reached 60 °C. Three different exposure gases were used for this 
treatment: (a) ambient air, (b) tailpipe like gas mixture of ~67% N2, ~12% CO2, ~11% Ar, ~10% 
O2 (Volkswagen AG, 2000), and (c) N2 gas. After cooling, samples were immediately weighed to 
0.300 g (0.100 g for Palas GfG soot) and placed in a 125 mL amber glass bottle for leaching 
experiments.  
 
Prompt Input Data Description 
C01 0 Initial Temperature 
T01 15 Heat-up time 15 minutes from 0-450 °C in the first segment 
C02 450 Target temperature of the first heat-up stage 
T02 10 Keep 10 minutes at 450 °C 
C03 450 Target temperature of the second heat-up stage 
T03 15 Heat-up time 15 minutes from 450-600 °C in the third segment 
C04 600 Target temperature of the third heat-up stage 
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C05 600 Constant temp of the third stage 
T05 15 Cooling time 15 minutes from 600-450 °C 
C06 450 Target temperature of the fourth stage 
T06 10 Keep 10 minutes at 450 °C 
C07 450 Constant temp of the fifth stage 
T07 -121 Program end, Output power off. Furnace cooling down naturally  
(T07 = -121 is an order to stop running) 
 
Figure 8 Temperature controlled program with 7 segments. C01-C07 are program codes defining 
temperature. T01-07 are program codes defining time. T07 code -121 is an order for the furnace 
to stop running and cool down process begins 
Particle Physical and Chemical Characterization 
Surface Area Determination 
Surface area analysis was carried out with the Brunauer-Emmett-Teller (BET) method 
(Emmett et al., 1938) using the Micromeritics Flowsorb 2305 BET Surface Area Analyzer (Figure 
9). This method provides the total surface area of the iron-soot mixtures by calculating the 
amount N2 gas which adsorbs/desorbs as a single layer of molecules on a solid sample. This 
allows us to relate reaction rates to surface area and surface area changes due to heat 
treatment.  
 
Figure 9 Micromeritics Flowsorb 2305 BET Surface Area Analyzer. Adapted from Micrometrics 
Instrument Corporation Brochure, 2015. 
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Samples can be analyzed under the long path or short path, which differs simply by the 
time it takes for the adsorbing gases to reach the sample. For these experiments, we used the 
short path length and purged with an ultra-pure 30% N2 and Helium mixture. A 1 mL injection 
of N2 gas was obtained by sublimation of the liquid nitrogen and used to finish calibrating the 
instrument. All surface area results were validated by determining the surface area of a 
manufacture supplied black carbon check sample (23.6 + 0.5 m2g-1) during analysis. Check 
samples were within 2% of each other. Prior to any surface area analysis, the samples were 
degassed by heating to 250 °C for 15 minutes. These conditions were applied to all samples. 
After all unwanted gases were removed from the system, the sample was moved to the 
connection labelled test and cooled down with liquid nitrogen to start the experiment. The 
instrument can determine adsorption and desorption of the N2 molecules when the sample is 
submerged and emerged from liquid nitrogen, respectively. The values obtained from the 
instrument represent the sample surface area and can be divided by the sample mass to obtain 
a surface area in m2g-1. 
Structural Determination by XRD 
The crystallographic structure of hematite, soot and mixtures were determined with X-
ray Powder Diffraction (XRD) using the Philips X’Pert XRD (Cu Kα 1.5405 Å; 10-70° 2θ). This 
instrument allowed us to confirm that the correct iron oxide was synthesized and detect 
changes in the crystal structure of the iron and carbon phases. For sample preparation, 
approximately 0.02 g of α-Fe2O3 powder, soot or soot-iron mixture was spread across a glass 
   
30 
 
slide using acetone to allow a smooth thin film to form. X-ray diffraction was performed for 20 
hours for each sample before and after the various heat treatments. 
Surface Analysis by X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface chemical analysis technique that was used to analyze functional groups 
and surface characteristics of iron-soot mixtures before and after they were treated. During a 1 
week stay, in summer 2014, at The Environmental Molecular Sciences Laboratory (EMSL) 
located in Richland, Washington, Mark Engelhard helped with analysis and interpretation of the 
results obtained from the PHI Quantera Scanning X-ray Spectrophotometer.  
This instrument uses a monochromatic Al Kα X-ray (1486.7 eV) source for excitation that 
focused a 100 W X-ray beam on a 100 µm diameter sample. The X-ray beam was placed normal 
to the sample and the photoelectron detector was 45° off-normal. High energy resolution 
spectra were collected using a pass-energy of 69.0 eV with a step size of 0.125 eV. Because 
samples can experience some degree of charging, low energy electrons at ~1 eV, 20 µÅ and low 
energy Ar+ ions were used to minimize this charging.  
Two sets of analyses were collected from each sample. All soot and iron particles were 
pressed onto a 5 mm2 double sided 3M brand Scotch tape supported by 1.2 cm2 clean and 
polished Si wafer pieces. Si wafer pieces were placed onto the XPS sample holder before 
introducing the sample to the main ultrahigh vacuum system and pumped to <1x10-7 Torr. The 
main vacuum system pressure was maintained at <5x10-9 Torr during analysis and pumped 
using a series of sputter ion and turbo molecular vacuum pumps. Quantification was performed 
by Mark Engelhard using standard sensitivity factors contained in the ULVAC-PHI, Inc. MultiPak 
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V9.5.0.8 version. In XPS, peaks form because of variations in the initial and final energy state of 
a compound, which are determined by environmental changes of the atom because of 
excitation to x-rays. These energy state differences can be captured by XPS as shifted peaks. 
However, subtler excitation shifts can be extracted using peak fitting techniques in XPS. These 
chemically shifted peaks have further information regarding the surface chemistry of a 
compound. The Shirley background calculation was applied to all spectra to construct a 
background sensitive enough to sample changes. This background algorithm works by 
considering shift peak areas found for a compound at certain energy and subtracting the noise 
(CasaXPS, 2001). 
Fe(II) Determination 
Ferrous iron formation was quantified using the Ferrozine technique (Stookey, 1970) by 
measuring the absorptivity of the Fe(II)-Ferrozine complex at λmax= 562 nm in a 1 cm quartz 
cuvette. Standard solutions of Fe(II) were made prior to experimental analysis of unknown 
samples using a 4.00 mM and 1.00 µM Fe(II) solution. About 200 mL acidified (pH 3. 25) 18 MΩ-
cm nanopure water was nitrogen purged for 30 minutes to remove oxygen and prevent 
oxidation of Fe(II) to Fe(III) prior to making standard solutions ranging from 0.25 to 65.00 µM. 
All standards were made to a total amount of 27.00 mL plus 3.00 mL ferrozine to a final volume 
of 30.00 mL. A blank solution was made with 27.00 mL acidified nitrogen purged water and 3.00 
mL of ferrozine.  




Figure 10 Standard curve for iron speciation experiments. Standard concentrations ranged from 
0.25 to 65.00 µM. Limit of quantitation was set at 0.36 µM. 
Figure 10 is a representative calibration curve spanning standards between 0.25 and 
65.00 µM Fe(II). As can be seen, the molar extinction coefficient 2.54 x 104 M-1cm-1 is lower by 
about 12% compared to the widely-used literature value of 2.79 x 104 M-1cm-1. Multiple 
standard curves were created, but all experimentally determined extinction coefficients were 
significantly smaller than the expected value. This is likely due to the rapid oxidation of Fe(II) 
during preparation of standards. Therefore, for this study, we used the reported value of 2.79 x 
104 M-1cm-1 and Beer’s law (A=Ɛbc) to calculate concentrations of samples. Where A is the 
absorbance at set wavelength, Ɛ is the molar extinction coefficient, b is the path length and c is 
the concentration. Detection limits were calculated using 10 reagent blank values and 10 low 
concentration analyte values of 0.35 µM Fe(II) (Harris, 2007). First, the mean of the blank 
absorbance (Absblank = 7.88 x 10-4) and the standard deviation (s = 7.30 x 10-4) of the sample 
analyte were calculated. Then the signal detection limit (Absdet Limit) was determined (equation 
9): 
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Absdet Limit = Absblank + 3s = 7.88 x 10-4 + 3(7.30 x 10-4) = 2.97 x 10-3  9 
The minimum detectable concentration (where m is the slope of the molar extinction 
coefficient) was then calculated by equation 10. 
Detection Limit =         Absdet limit           =         2.97 x 10-3           = 0.11 µM Fe(II)  10 
                                           2.79 x 104 M-1cm-1       2.79 x 104 M-1cm-1 
 
For quantitation purposes, 0.36 µM Fe(II), a value three times the minimum detectable 
concentration, was used. 
Statistical Analysis 
For all leaching experiments, the analysis was run in duplicate or triplicate as to provide 
averages, standard deviations and more robust results when determining sample to sample 
changes. In general, all samples were run for up to 48 hours except the light leaching 
experiments. To compare data, three measures were extracted for each replicate set of 
experimental results: (i) average + standard deviation (SD) concentration at 0 minutes, (ii) 
average + SD concentration at 120 minutes and (iii) average initial slope + SD. In addition, for 
dark leaching experiments the averages + SD concentrations were determined at 48 hours. 
Using the LINEST function in Excel, the rate of Fe(II) production and standard deviation were 
determined from the slope of replicate sample results. Student’s t tests were used to compare 
concentrations at set times and the rate of Fe(II) production between control groups (hematite 
or soot) and mixed samples of iron-soot at the 90% confidence interval. 
 
 





Samples were characterized using surface area analysis, X-ray diffraction and XPS before 
and after heat treatment. Detailed descriptions of these results will be presented in the 
following sections.  
Physical and Chemical Characterization of Samples 
Surface Area 
Surface areas of iron-soot mixtures are presented in Figure 11. Surface areas for the 
unknown samples varied between 27.78 m2g-1 and 1816.79 m2g-1. Results for three of the 
untreated control samples represented in blue bars were consistent with literature values in 
black bars (Figure 11). Reported literature values were 900 m2g-1 for XE02 (Bron et al., 2002), 22 
m2g-1 for L101, and 227 m2g-2 for P90 (Kuempel, 2011). 
In general, samples exposed to high temperatures under tailpipe (600TP; red bars) and 
ambient gas (600Ox; green bars) showed increased surface areas as compared to the untreated 
samples (uT; blue bars). Those exposed to tailpipe (600TP) conditions increased in surface areas 
between 15% and 1,098%. The 600Ox samples increased in surface area between 18% and 
476%. Surface areas of samples after exposure to nitrogen gas (600N; yellow bars) generally 
were equal or lower compared to untreated samples.  
Hematite alone decreased in surface area after exposure to elevated temperatures 
under all conditions and the change was consistently about 87%. This effect of reduced surface 
   
35 
 
area at high temperatures has been seen before in other work (Liu et al. 2013). Goethite, for 
example, increases in surface area when the temperature increases to 300 °C but decreases 
after annealing at temperatures above 600 °C. It is under these high annealing temperatures 
that micro-pores on the surface coalesce to form macro-pores , which decrease the surface 
area of the annealed product (Liu et al., 2013). Under these same conditions, some of the pores 
can completely disappear from regions of contact between particles as they aggregate (Sidhu, 
1988). These changes in hematite after exposure to elevated temperatures could be the reason 
why we saw a decline of surface area from the control to the treated hematite (figure 11). 




Figure 11 Surface Area (m2g-1) of L101, XE02, P90, Hematite (H), GfG, and mixtures under four 
different treatments. Blue bars: samples under ambient air (uT), red bars: samples at conditions 
simulating the tailpipe of a vehicle and 600 °C (600TP). Green bars: samples at 600 °C with 
ambient air (600Ox), yellow bars: samples at 600 °C under an inert (N2) environment (600N). 
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Similar results were expected for all black carbon controls but surface area varied 
depending on the treatment condition. The surface area of both L101 and P90 controls where 
the only two that decreased when treated under N2 gas and high temperatures. Addition of 
hematite to soot further changed the overall surface area of the mixtures for three of the 
samples in Figure 11. These are marked with a blue star. Typically, increasing temperatures 
disrupt the carbon lattice thus increasing the porosity of soot and hence its surface area (Yu et 
al., 2010) but it has also been shown that introduction of Fe2O3 molecules to soot can cause 
further iron-soot nucleation through encapsulation of iron and cause particle growth (Kim et al., 
2008). These observations have been supported by analysis of the developing PAHs on soot 
where the introduction of Fe2O3 led to the formation of larger PAH particle (Herring et al., 
2013).  
Structure 
X-ray diffraction (XRD) patterns were collected for untreated (uT) and tailpipe (TP) 
treated samples only. XRD for all black carbon samples showed two unique Bragg diffraction 
peaks at around 25° 2θ and 43° 2θ under all environmental conditions. Both peaks correspond 
to the hexagonal graphite lattice of multi-walled carbon nanotubes (Dikio, 2011) with the 
higher intensity peak (25° 2θ) indicating the presence of sp2 bonded carbon atoms and the 
presence of ordered carbon nanotubes (Yu et al., 2010; Manoj et al., 2012). The smaller 
diffraction peak (43° 2θ) is the reflection from graphite due to the stacking structure of 
graphitic basal planes (Olzmann et al., 2013) and has also been known to be an indication of the 
formation of carbon nanomaterials in soot (Manoj et al., 2012).  
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The background intensity from 10° to 20° 2θ for all samples was caused by the presence 
of amorphous carbon and the lack of symmetry, i.e. surface defects, on the edges of soot 
crystallites due to packing of saturated structures like aliphatic side chains (Olzmann et al., 
2013). Small left and right peak shifts in 2θ were also likely to occur by strain and changes in 
chemical composition of the compound. This strain can be caused by elevated temperatures 
and desorption of the materials, such as O2, N2, H2O, and other hydrocarbons (Lipson, 1979; 
Maniwa et al., 2001; Cullity and Weymouth, 2001). While not all soot samples experienced a 
left or right shift, they all varied at 25° and 43° 2θ (Figure 13-15) pointing towards a change in 
the lattice orientation. Hematite diffraction peaks appeared with all the mixed samples at 25°, 
33°, 36°, 41°, 50°, 55°, 57°, 64° and 66° 2θ (Figure 12). 
 
Figure 12 X-ray diffraction pattern of HuT and H600TP. Green line: hematite treated under 
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 A change in the hematite peak intensities was seen from the untreated hematite 
control (HuT) samples to the hematite tailpipe treated (H600TP) but no structural differences 
were noticed, which is consistent with previous findings as hematite remains stable under 
elevated temperatures (Tareen and Krishnamurthy, 1981). 
Figure 13 depicts the X-ray diffraction pattern of P90600TP (orange), P90H600TP (gray), 
and P90HuT (blue) where the background shows the amorphous-like characteristics of soot and 
the mixed samples (gray and blue) have hematite characteristics. P90600TP (orange) had a 
wider body, i.e. broadening, at the 25° 2θ diffraction peak with a small right shift as compared 
to the P90HuT (blue). Shifting at the 25° 2θ diffraction peak was only seen for P90600TP but 
differences in width, which indicate possible changes in particle size along with an increase in 
lattice disorder, was noticed in all soots (Olzmann et al., 2013).  
 
Figure 13 X-ray diffraction pattern of P90H600TP, P90600TP and P90HuT. Gray line: a treated 
mixture of both soot and hematite under tailpipe conditions, blue line: soot and hematite 
mixture without any treatment, orange line: soot control group treated under tailpipe 




















Figure 14 X-ray diffraction pattern of L101H600TP, L101600TP and L101HuT. Gray line: a 
treated mixture of both soot and hematite under tailpipe conditions, blue line: soot and 
hematite mixture without any treatment, orange line: soot control group treated under tailpipe 
conditions. H = Hematite 
 
Figure 15 X-ray diffraction pattern of XE02H600TP, XE2600TP and XE02HuT. Gray line: a treated 
mixture of both soot and hematite under tailpipe conditions, blue line: soot and hematite 
mixture without any treatment, orange line: soot control group treated under tailpipe 
conditions. H = Hematite 
Peak intensities varied for all samples including the L101 samples. The soot control 
(L101600TP, Figure 14) had the lowest peak intensity at 25° and 43° 2θ. L101Hut had the 
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mixtures, hematite peaks were also seen for both L101H600TP and L101HuT. XE02HuT (Figure 
15), showed a very broad background from 10°-20° 2θ range like it was found for L101HuT and 
P90HuT indicating surface defects.  
Unique diffraction peaks were found for the GfG samples (Figure 16). The first 
noticeable difference was the high background intensity from 10°-20° 2θ and the well-defined 
sharp peak at 26° 2θ. This peak closely resembled one of the hematite peaks at 24° 2θ but was 
more likely the diffraction peak at 26.8° 2θ for graphite. X-ray diffraction pattern of graphite 
exhibits reflections at 26.8°, 42.3°, 44.5° and 54.9° 2θ (Sadezky et al., 2005). Figure 17 contains 
the X-ray diffraction pattern of graphite (top spectra) with a large narrow peak at 26.8° 2θ. A 
zoomed in section of the graphite spectrum between 40° to 60° 2θ highlights the rest of the 
peaks correlated to graphite. The lower two spectra (P90 and XE02) are consistent with the XRD 
peaks found in our results.  
 
Figure 16 X-ray diffraction pattern of GfGH600TP, GfG600TP and GfGHuT. Gray line: a treated 
mixture of both soot and hematite under tailpipe conditions, blue line: soot and hematite 
mixture without any treatment, orange line: soot control group treated under tailpipe 





















Figure 17 X-ray diffraction pattern of graphite (top spectrum), Printex 90 (P90, middle 
spectrum), and Printex XE2 (XE02, lower spectrum). Adapted from Sadezky et al. 2005 
All three diffraction patterns (GfGH600TP, GfG600TP, GfGHut) consisted of the same 
26.8° 2θ diffraction peak for graphite (Figure 16). This is likely because of the way GfG soot was 
made, which consisted of two graphite electrodes under a constant spark frequency discharge. 
While the high background can be assumed to occur because of the surface defects of soot, it 
was also found that sample preparation impacted the background intensity of each X-ray 
diffraction pattern. Each soot sample was prepared in the same manner but physical properties 
like texture and static charge made it difficult to prepare a thin film.  
To further understand the extent of broadening at the 25° and 43° 2θ for soot, particle 
size was calculated for all black carbons under tailpipe conditions and compared to its 
untreated sample using the Scherrer formula (equation 11) (Scherrer, 1918). Where D is the 
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particle size, K is the Scherrer constant, λ is the wavelength of the x-ray source (Cu Kα 1.5405 
Å), and θ is one-half the 2θ. 
D =   K*λ      11 
    B*cosθ 
Calculated results using the Scherrer equation for the peak broadening and particle size 
can be found in Table 3 where the largest peak width had the smallest particle size. In general, 
all untreated black carbons with hematite (HuT) except GfGHuT had the smallest particle size at 
25° and 43° 2θ. For GfG soot mixed with hematite the smallest particle size was determined to 
be for GfGH600TP. Differences in peak width for soot, i.e. broadening, at the FWHM of 25° and 
43° 2θ clearly show changes in particle size and structure of all soot types under all treated 
environments. Where the smallest particle size related to the broader XRD peaks.  
Table 3 Peak broadening (B) and particle size of different black carbons at 25° and 43° 2θ 
 
B (rad) at 25° 2θ particle size  
25° 2θ (nm) 
B (rad) at 43° 2θ particle size 
 43° 2θ (nm) 
L101HuT 0.17 0.81 0.10 1.42 
L101H600TP 0.14 1.02 0.07 2.13 
L101600TP 0.07 2.03 0.02 8.54      
XE02HuT 0.17 0.81 0.12 1.22 
XE02H600TP 0.12 1.16 0.04 3.88 
XE02600TP 0.07 2.03 0.01 14.23      
P90HuT 0.12 1.16 0.09 1.71 
P90H600TP 0.07 2.03 0.05 2.85 
P90600TP 0.09 1.63 0.07 2.13      
GfGHuT 0.02 8.13 0.01 21.34 
GfGH600TP 0.14 1.02 0.05 2.85 
GfG600TP 0.01 10.17 0.00 85.35 
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The relatively low particle size calculated for some of the samples found in Table 3 
points to multiple components not taken into consideration when using the Scherrer formula. 
One specific error found for all GfG soot samples was the overlapping graphite peak found at 
26° 2θ. The area within the graphite peak adds to the total area found for the broad peak at 25° 
2θ and as a result impacts the particle size. Another component that was not taken into 
consideration was that using Scherrer’s formula is only valid when the diffracting material is 
stress free. We did not take into consideration how particle strain and the instrument lead to 
broadening of the diffraction peaks. These factors can attribute to the smaller particle size 
result calculated for all soot mixtures (Table 3). Even though an error was associated with the 
calculated particle size, graphs were made based off the 25° 2θ peak to depict changes of 
particle size as it relates to the surface area of the samples (Figures 18-21).  
   
Figure 18 Particle size (nm), peak broadening (radian) and surface area relationship for P90HuT, 
P90H600TP and P90600TP. H = Hematite 
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The results found on Figure 18 depict an increase in particle size (blue line) and surface 
area (orange line) from the untreated soot controls sample (P90HuT) to the tailpipe treated 
soot control (P90600TP).  This increased surface area results at elevated temperatures are 
consistent with other work, which have shown that a disruption in the carbon lattice occurs and 
thus increases the porosity of soot and hence its surface area (Yu et al., 2010). Yet the increased 
particle size after heat treatment is inconsistent since that would indicate a reduction in surface 
area. Particle size and peak broadening (green line) were consistent with each other as broader 
peaks result in smaller particle size or vice versa. Similar results were found for the L101 
samples (Figure 19) and XE02 samples (Figure 20). GfG soot samples had different results than 
all other soot types. In this case, surface area for the controls increased like all other soot types 
with heat treatment but the particle size slightly decreased. While this is consistent with other 
findings, the GfG soot mixture with hematite (GfGH600TP) showed an increase in particle size 
larger than both GfGHuT and GfG600TP controls.  
 
 




Figure 19 Particle size (nm), peak broadening (radian) and surface area relationship for 
L101HuT, L101H600TP and L101600TP. H = Hematite  
 
Figure 20 Particle size (nm), peak broadening (radian) and surface area relationship for 
XE02HuT, XE02H600TP and XE02600TP. H = Hematite 




Figure 21 Particle size (nm), peak broadening (radian) and surface area relationship for GfGHuT, 
GfGH600TP and GfG600TP. H = Hematite 
Surface Functional Groups 
XPS was used to identify carbon-oxygen groups by bonding type. A photoemission wide-
scan was first determined for each compound tested (Appendix A1), which indicated the 
presence of nitrogen, oxygen, carbon, and sulfur particles within the surface of soot. Carbon 
was quantified based on the C 1s lines with bonding characteristics commonly found in soot 
such as C-O-H, C-O-C, C-C, or C-C=O at ~285 eV. For O 1s lines, the smaller sub-peak at the low 
energy tail (~530.0 eV) is related to O=N groups but was not confirmed as the N 1s spectrum 
was not quantified. This was also true for S 2p spectra which is normally found as an SO2 group 
if found at about 167.5 eV. (Assumpção et al., 2011).  
Because of time constrains for the XPS instrument at EMSL only fifteen samples were 
analyzed and out of these only eleven will be discussed here as they were either untreated or 
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N2 treated. Six samples consisted of soot-hematite mixtures and five were soot only controls. 
Mixtures and soot controls underwent different treatment as indicated in the sample ID. Each 
sample was tested by scanning two sites of a 1.3 mm x 0.1 mm sample plate. Each sample was 
separated by the C 1s and O 1s lines to extrapolate information about the chemical bonding 
environment of these two elements. Example spectra with peak fitting for the C 1s and the O 1s 
line shapes are shown in Figures 22 and 23, respectively. While the C 1s peak fitting seems to 
result in reliable data, the O 1s fitting, as seen in Figure 23, is not as good. Results for both are 
shown below, however, only C 1s peak data is used. CasaXPS software was used to fit and 
quantify the most common functional groups on the surface. CasaXPS is a processing software 
used as an analysis technique for both spectral and imaging data. This special software was lent 
to our research group by Mark Engelhard at The Pacific Northwest National Lab (PNNL) located 
in Richland, Washington, and is based on curve fitting line-shapes using Gaussian-Lorentzian 
curves.  
Based on the C 1s and O 1s lines, average relative C and O content was determined and 
plotted in Figure 24. All samples contained 90% C or higher except for GfGuT and GfGHuT with 
87.2% and 87.6%, respectively. In general, there was no significant change between the 
untreated (uT) and treated (600N) samples. GfG600N control was not collected so comparison 
with the mixtures of soot-iron (GfGH600N) is not possible. However, there was a significant 
10% C 1s difference between the GfGHuT samples and GfGH600N, which may be because of 
the reduction of surface oxygen. 




Figure 22 XPS quantification for P90HuT at the C 1s line shape using CasaXPS. 
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Figure 24 Percentage of C 1s and O 1s for P90, L101 and GfG soot without treatment (uT) and 
treated at 600 °C under an inert (N2) environment (600N). Orange bar: C 1s percentage; Gray 
bar: O 1s percentage.  
 
A relative representation of the functional group peak percentages associated with the 
C 1s line is shown in Figure 25. All samples showed the presence of the following functional 
groups: hydrocarbons (C-H, C-C), alcohol/ether (C-O-H), and ester (O-C=O) groups, centered at 
285 eV, 286 eV and 289 eV, respectively. For all but one sample the C-H, C-C groups 
predominated the surface. The O-C=O and C-O-H area peak percentage for these three soot 
compounds varied with GfGuT having a high 29.3% O-C=O, which is consistent with the results 
found in Figure 24. L101uT was the most reduced compound between all three soot controls 
with 21.27% C-O-H and 78.41% C-H, C-C functional groups. Additional treatment of all soot’s in 
a N2 environment at 600 °C changed the surface functional group characteristics of each 
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O-C=O with C-O-H functional groups increasing. Showing a slightly more oxidized state and a 
reconfiguration of the surface bonds. A noticeable increase was seen in the C 1s line for 
GfG600N as compared to GfGuT (Figure 24), which could be related to the more reduced state 
at this environmental condition. The C-H, C-C groups also slightly increased about 4%. Addition 
of hematite to all three soot compounds without treatment showed a further oxidation of each 
carbonaceous material except GfGHuT. P90HuT decreased about 30% in C-H, C-C and O-C=O. A 
40% increase of C-O-H was seen for P90HuT. L101HuT followed the same oxidation 
characteristics as P90HuT with a smaller magnitude. Comparison between iron-soot mixtures 
under different environments generally shows a more reduced soot surface when exposed to 
inert (N2) conditions at 600 °C except for L101H600N, which seemed slightly more oxidized 
under this environment than L101HuT.  
Fitting of the O 1s spectra can also be used to identify relative differences between 
surface functional groups. The presence of either acid/ether groups (C=O, O-C=O) and 
alcohol/ether groups (C-O-H, C-O-C) was also evident in the fitted O 1s spectra (Figure 26). The 
analysis of these spectra (Appendix A3) indicates that the elevated oxygen content of P90, L101 
and GfG soot is related to the higher quantity of C-O(H), C-O-C, C=O and (H)O-C=O structures 
observed as a high-energy component in the O 1s spectrum centered at 532.5- 533.0 eV.  
 




Figure 25 C 1s line functional group area peak percentages for P90, L101, and GfG under 
different environments. Grey bar: percent area peaks for hydrocarbons; Orange bar: percent 
area peaks for acid/ester groups; Blue bar: percent area peaks for alcohol/ether groups. 
 
Figure 26 O 1s line functional group area peak percentages for P90, L101, and GfG under 
different environments. Orange bar: percent area peaks for acid/ester groups; Blue bar: percent 




































Ferrous iron (Fe(II)) concentrations were measured for all four soot types, their mixture 
with hematite (Fe2O3) in aqueous solution and treated under various conditions. Results for 
dark leaching experiments are presented under the Dark Leaching Experiment section.. Results 
for leaching experiments in the presence of a solar simulator are presented under the Light 
Leaching Experiments section.  
Dark Leaching Experiment 
The reduction of Fe(III) by soot was measured in liquid medium in the dark. To compare 
soot reactivity towards iron reduction in the various samples, the rate of Fe(II) production was 
determined from the slope of the best fit through data points between 0 and 40 minutes as 
shown by the solid blue line in Figure 27 of a representative plot of raw data for Fe(II) 
production (µM) obtained over a 120-minute time frame. Three replicate data sets were used. 
 
Figure 27 Fe(II) concentration vs time. Three replicate experiments of a mixture of hematite and 
GfG soot treated at 600 °C under N2. Fe(II) concentrations were averaged at time zero (green 
circle), and 120 minutes (red circle). Initial rates were calculated during first 40 minutes (blue 
line) 
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In addition, average concentrations at time zero (Green circle) and 120 minutes (Red 
circle) were calculated (Figure 27). Rates and concentrations at set times are plotted in bar 
graphs for visual comparison in Figures 28-31. To test significant synergistic effects of soot on 
iron reduction, the data for soot and hematite controls were added and compared to the 
mixture results. Except for Atm treated samples, all samples showed noticed Fe(II) production 
when looking at each treatment separately. First, an estimate of relative enhancement in Fe(II) 
production in the mixture can be established in relation to the controls by calculating the added 
controls, comparing it to the results of the mixture and determining if differences were 
significant at P = 0.05 using Student’s t test. For significant differences the ratio was then 
compared to other treatment conditions and black carbons.  
 Figure 28 outlines the results determined for black carbon 90 where the blue columns 
describe the rate of Fe(II) formation per minute during the first 40 minutes. The green squares 
denote Fe(II) concentrations in micro-Molar (µM) at time zero and the red triangles show the 
same results at 120 minutes. Standard deviations are denoted by the specified error bars. Black 
carbon 90 (P90), hematite (H) and mixtures of both were tested under all four treatment 
conditions, which can be seen on the x-axis of Figure 28. To simplify the complexity found in 
Figure 28, the results for Fe(II) at time zero will be described first followed by Fe(II) 
concentration at 120 minutes. At initial time, sample mixtures varied in the amounts of Fe(II) 
formation with the soot controls producing little to no Fe(II). Results for the hematite controls 
detected small amounts of Fe(II) formation with greater initial concentrations found under 
more inert conditions (N2 or TP).  All sample mixtures regardless of exposure conditions showed 
low Fe(II) as well.   




Figure 28 Fe(II) determination P90 at four different treatments. (i) (Untreated (uT), (ii) 
atmospheric air 600 °C(Atm), (iii) tailpipe simulated conditions (TP) 600 °C, and (iv) Nitrogen gas 
(N2) 600 °C. Blue bars: Fe(II) rate first 40 minutes (µM/min); Green squares: Fe(II) at zero 
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Figure 29 Fe(II) determination L101 at four different treatments. (i) (Untreated (uT), (ii) 
atmospheric air 600 °C(Atm), (iii) tailpipe simulated conditions (TP) 600 °C, and (iv) Nitrogen gas 
(N2) 600 °C. Blue bars: Fe(II) rate first 40 minutes); Green squares: Fe(II) at zero minutes; Red 
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Figure 30 Fe(II) determination XE02 at four different treatments. (i) (Untreated (uT), (ii) 
atmospheric air 600 °C(Atm), (iii) tailpipe simulated conditions (TP) 600 °C, and (iv) Nitrogen gas 
(N2) 600 °C. Blue bars: Fe(II) rate first 40 minutes; Green squares: Fe(II) at zero minutes; Red 
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Figure 31 Fe(II) determination XE02 at three different treatments. (i) (Untreated (uT), (ii) tailpipe 
simulated conditions (TP) 600 °C, and (iii) Nitrogen gas (N2) 600 °C. Blue bars: Blue bars: Fe(II) 
rate first 40 minutes; Green squares: Fe(II) at zero minutes; Red triangles: Fe(II) at 120 minutes. 
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After 120 minutes of exposure, small amounts of Fe(II) was detected for the untreated 
and atmospheric treated samples but no significant changes were found when comparing the 
mixtures to the controls. The most noticeable differences were seen under both the tailpipe 
and N2 treated mixtures. For tailpipe treated samples, Fe(II) concentrations were detected from 
time zero and continued past 120-minutes. Fe(II) enhancement occurred drastically for the 
mixtures under these conditions. Elevated Fe(II) concentrations were also seen for P90600N, 
the soot control, which matched H600N, the hematite control. These elevated Fe(II) 
concentrations found at the start of the experiment were likely caused by the heat treatment 
step before starting the leaching experiment. After heat treatment, the same samples were 
placed in acidified N2-purged MilliQ water, which would allow further Fe(II) formation. Current 
work has confirmed this observation of elevated Fe(II) at time 0 of the leaching experiments but 
quickly gets oxidized again to Fe(III) because of exposure to atmospheric air. Within minutes of 
exposure time, however, Fe(II) concentrations begin to rise again. All soot types indicated some 
elevated Fe(II) concentrations at initial time of mixing (time zero). Elevated Fe(II) concentrations 
found for the controls can be explained by trace amounts of iron found in all soot types.  
 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) data collected by another 
student (Daniel Hinz) in our laboratory determined that metals like Fe can be found in soot 
(Figure 32). The results reported in Figure 32 highlight the percent total metals per total soot 
for three of the soot types (XE02, P90 and L101) before addition of hematite in the leaching 
experiments. A total of 0.0025%, 0.0002%, and 0.0001% total Fe in soot was found for XE02, 
P90 and L101, respectively. These percentages were based of a weight of 0.5 grams of soot and 
dispersed in 18 mL of acidified water. The values are substantially low compared to the amount 
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of Fe (5%) added per leaching analysis. While Figure 32 does not contain any results for GfG 
soot, it is likely that the graphite rods used to make GfG also contain insignificant Fe 
concentrations.  
 
Figure 32 Metals found in XE02, P90 and L101 soot as percent metals in total soot. Data 
adapted from work done by Daniel Hinz using ICP-MS. 500 mg of soot was used in 18 mL 
acidified deionized water. 
 
Light Leaching Experiments 
Samples exposed to light were tested untreated and tailpipe (TP) treated. Small but 
significant changes were found for P90 and L101 with the most noticeable changes of Fe (II) at 
120 minutes. To determine the impact of light on iron reduction a subset group of tailpipe 
treated mixtures and controls were exposed to a solar simulator in analogously run 
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was plotted, a slope was determined using the LINEST function and Fe(II) concentrations were 
averaged for 3 replicates (Figure 27). Comparison graphs between samples of the dark leaching 
experiments and the solar exposed samples were made to show the varied results amongst all 
four-soot type (Figures 33-39). In general, no significant differences were seen between the 
dark and light experiments for the soot controls. However, for hematite control, as expected 
Fe(II) concentrations were seen. These results are consistent with previous findings of Fe(II) 
formation where water samples containing Fe(III), either acidified or nonacidified, were 
reduced to Fe(II) when exposed to sunlight (McMahon, 1967) In sunlit surface waters, Fe(III) has 
also been shown to be reduced to Fe(II) through various mechanisms involving Fe(III), poly 
Fe(III) hydroxo complexes or colloidal Fe(III) (hydr)oxides (Emmenegger et al., 2001). P90HuT-
Light samples had a significant increase of Fe(II) production with exposure to light (Figure 33) 
but it was due to hematite alone and not the mixture. P90H600TP-Light, exposed to tailpipe 
conditions, did not produce any significant Fe(II) when exposed to light (Figure 34). The results 
found for these mixtures were very different compared to the results found for the dark 
leaching experiments. L101HuT-Light produced the largest amount of Fe(II) as compared to all 
other samples tested with light (Figure 35). For most samples, all the Fe(II) formation detected 
was from hematite alone.  Fe(II) found for P90HuT-Light and XE02HuT-Light was from the 
hematite control (Figures 33 and 37). XE02H600TP-Light was the only soot type that had Fe(II) 
formation from the mixtures and showed a significant difference (Figure 38). As previously 
discussed in the dark leaching experiments, GfG soot samples showed significantly high Fe(II) 
production within the first 120 minutes for the tailpipe treated samples. The opposite was true 
for GfG soot when exposed to light under the same conditions (Figure 39). In these light 
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exposure experiments, sample mixtures produced just about the same Fe(II) as hematite alone 
with no synergistic characteristics. This could be attributed to substances contained in soot that 
are preferentially reduced by sunlight. Oxygen, for example, has also been known to be a strong 
inhibitor to some photochemical reactions (Cartledge, 1941;Emmenegger et al., 2001). Soot 
species have also been known for their ability to absorb light and because of this possibly acting 
as an Fe(III) to Fe(II) inhibitor like in this case (Weingartner et al., 2003).  
 
Figure 33 Fe(II) production of P90uT, HuT and P90HuT under dark and light conditions. Blue 
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Figure 34 Fe(II) production of P90600TP, H600TP and P90H600TP under dark and light 
conditions. Blue bars: Fe(II) rate first 40 minutes; Green squares: Fe(II) at zero minutes; Red 
triangles: Fe(II) at 120 minutes. 
 
Figure 35 Fe(II) production of L101uT, HuT and L101HuT under dark and light conditions. Blue 
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Figure 36 Fe(II) production of L101600TP, H600TP and L101H600TP under dark and light 
conditions. Blue bars: Fe(II) rate first 40 minutes; Green squares: Fe(II) at zero minutes; Red 
triangles: Fe(II) at 120 minutes. 
 
Figure 37 Fe(II) production of XE02uT, HuT and XE02HuT under dark and light conditions. Blue 
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Figure 38 Fe(II) production of XE02600TP, H600TP and XE02H600TP under dark and light 
conditions. Blue bars: Fe(II) rate first 40 minutes); Green squares: Fe(II) at zero minutes; Red 
triangles: Fe(II) at 120 minutes. 
 
Figure 39 Fe(II) production of GfG600TP, H600TP and GfGH600TP under dark and light 
conditions. Blue bars: Fe(II) rate first 40 minutes); Green squares: Fe(II) at zero minutes; Red 
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Extended Time Leaching Experiments 
While the measured Fe(II) concentration in mixtures of soot-iron varied between 
samples, results show that Fe(II) concentrations continue to increase over 40 hours (Figure 40). 
All the mixtures show substantial reduction of Fe(III) if left alone over 40 hours without 
exposure to light. The amount of Fe(II) produced with the mixtures (gray/blue cross) was much 
greater than hematite (green circles) and GfG soot alone (orange circles) (Figure 40). Hematite 
did show a steady increase of Fe(II) for an extended period. The soot control, on the other 
hand, did not produce significant levels of ferrous iron. These results show that soot does 
reduce Fe(III) to Fe(II) even though minimal reduction has been shown to occur regarding lake 
water samples stored in the dark for greater than 24 hours (Emmenegger et al., 2001). A steady 
decrease in the rate of Fe(II) formation was noticed after 24 hours. An exemplary graph is 
shown in Figure 40, which shows this leveling off for GfGH600TP.  
 
Figure 40 Extended Fe(II) determination for GfGH600TP, H600TP and GfGH600TP under dark 
leaching experiments Gray cross: GfG soot mixed with hematite and treated under tailpipe 
conditions and 600 °C. Green circles: Hematite control under the same environmental conditions 
as the mixtures. Orange circles: GfG soot control under the same environmental conditions as 
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Like the previous sections, the average concentration and standard deviation at 48 
hours (2880 minutes) were used to determine sample differences. Using Student’s t test, we 
compared statistical differences between mixtures and their controls at different times and 
treatment conditions (tailpipe and N2 gas). Figure 41 shows in detail the synergistic effect 
expected for all soot types at tailpipe conditions. To compare our results, the same samples 
were tested under inert conditions (N2), which are favorable conditions for Fe(II). All sample 
mixtures had noticeable Fe(II) concentrations at time zero with L101H600N and GfGH600N 
having the greatest noticeable change (green squares). Within 120 minutes, Fe(II) 
concentrations continued to increase with that of the mixtures outcompeting the controls. This 
was seen for samples under both TP and N2 conditions (red triangles). At 120 minutes, 
GfGH600TP produced close to the same amount Fe(II) under both inert conditions and 
substantially more Fe(II) than all other carbon blacks. P90H600TP, L101H600TP and 
XE02H600TP also produced significantly more Fe(II) at 120 minutes than their controls but not 
with the same magnitude as the GfGH600TP. At 48 hours, all sample mixtures and controls 
showed noticeable Fe(II) concentrations where the hematite control (H600TP) was reduced 
from Fe(III) to Fe(II) at the same magnitude as GfGH600TP at 120 minutes. Fe(II) concentrations 
found for H600TP was almost double than those found for H600N. Even though substantial 
Fe(III) reduction occurred for the controls, the mixtures for all soot type except P90H600N had 
more Fe(II) concentrations after 48 hours. Results for P90H600N are inconsistent to all other 
samples specially since they were treated to inert (N2) conditions. Overall, GfGH600TP had far 
more Fe(II) concentrations at 48 hours than GfGH600N samples.  




Figure 41 Dark Fe(II) determination for P90, L101, XE02, GfG soot mixtures and controls. (i) 
tailpipe simulated conditions (TP) 600 °C, and (ii) Nitrogen gas (N2) 600 °C. Blue bars: Fe(II) rate 
first 40 minutes); Green squares: Fe(II) at zero minutes; Red triangles: Fe(II) at 120 minutes. 
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Using the combined data from the dark leaching experiments (Figures 28-31) and the 
light leaching experiments (Figures 33-39), the synergistic power of the mixtures were 
extrapolated and compared to Student’s t test. Figure 42 outlines the synergistic power 
determined for the mixed samples at time 0 (green columns), 120 minutes (red columns), 48 
hours (orange columns) and the initial rates of reaction within the first 40 minutes (blue 
columns). The largest synergistic power for samples at time zero were found for L101H600TP 
and GfGH600TP indicating significant Fe(II) formation for the mixtures as compared to the 
controls. Exposure to N2 gas, the reducing environment, resulted in having the highest overall 
synergistic power followed by the tailpipe treated samples. GfGH600TP proved to have the 
largest difference from the controls at time 0 and 120 minutes. After 48 hours from initial 
mixing in the N2 treatment, L101H600TP and GfGH600TP samples also contained the largest 
synergistic power. Samples treated to atmospheric conditions at a high temperature did not 
show any differences from its controls and this was likely because of the oxidizing power of 
oxygen which is commonly found in atmospheric air. For the untreated samples, a small but 
significant Fe(II) enhancement was seen for L101H mixtures at 120 minutes and GfGHuT at 
initial time and 120 minutes. If rates of Fe(II) formation within the first 40 minutes were found 
in Figure 42 it indicated that production of Fe(II) for those mixtures significantly increased from 
the controls. This can be seen mostly for the L101 and GfG samples, which is consistent with 
the synergistic results found at time zero, 120 minutes and 48 hours. P90 and XE02 samples 
also showed synergistic differences under N2 and tailpipe treated conditions.  
 




Figure 42 Synergistic power of mixtures over the sum of the controls. Blue bars: Fe(II) rate first 
40 minutes; Green columns: Fe(II) at time 0 minutes; Red columns: Fe(II) at 120 minutes, Orange 
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Initial rates were calculated from the instant the reactants were mixed to the first 40 
minutes of the leaching experiment where the reactant Fe(III) was reduced to Fe(II) by soot. 
Figure 27 is an example graph that depicts the formation of Fe(II) as a function of time in a 
straight line with the positive slope (blue line) indicating the initial rate k’ (µM min-1) of the 
reaction. Initial rates for all dark leaching samples can be found in Figures 28-31 and 
subsequently the rates for the light reaching samples can be found in Figures 33-39 from the 
blue columns. With these initial rates, we assumed that the initial concentrations of soot and 
Fe(III) in the formation of Fe(II) were constant. Although it seems counterintuitive for the 
reaction rate to be independent of the reactant concentrations, it is likely in this case as the 
reactants were present in excess. Only a small fraction of hematite was reduced (< 0.3%) within 
the first 40 minutes as compared to the total amount used (5%) in a mixture with soot. 
Equation 12 denotes the rate of Fe(II) formation as a results of Fe(III) and soot but since we 
consider both constants the rate becomes Equation 13. The rate can then be described as a 
function of Fe(II) formation (µM) with respect with time (minutes) or just k’ (equation 14). 
Initial rate = k’ [Fe(III)] [soot]     12 
 
Initial rate = k’      13 
 
 Rate = d[Fe(II)] = k’      14 
     dt                  
 
      
Measuring initial rates had an error associated with it as it is difficult to make 
measurements from the exact instant the reaction begins. There was also a time delay from 
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when the samples were mixed in solution, filtered and mixed in a 1 cm cuvette prior to taking 
an absorbance reading and only four data points were collected, one every ten minutes, which 
decreased the accuracy of our results. Factors that were likely to influence the reduction of 
Fe(III) to Fe(II) were the combined characteristics of surface area and functional groups on the 
surface of soot but oxidation of iron was always competing when exposed to atmospheric 
conditions. A simplified iron-soot reaction to make Fe(II) can be found in equation 15 with the 
suggested re-oxidation of Fe(II) by competing reactions as found below in equations 16-19 
(Stumm and Lee, 1961).  
Fe(III) + e-- Soot  Fe(II) + Sootoxidized     15 
Fe(II) + O2 + H+  Fe(III) + HO•2     16 
Fe(II) + HO•2 + H+  Fe(III) + H2O2      17 
Fe(II) + H2O2 + H+  Fe(III) + HO• + H2O    18 













The current study provides additional insight into the mechanisms of iron reduction with 
carbonaceous material. Detailed characterization measurements and leaching analysis of soot-
iron mixes were performed for multiple soot types revealing the uniqueness of each soot. 
Where the reducing strength of each reaction has been shown to need the right composition of 
surface size, graphite-like characteristics and surface functional group morphology.  
The data strongly supports the role of carbonaceous material in the reduction of iron 
under most conditions, in particular, in dark leaching experiments. This is consistent with 
previous observations made from other studies where synergistic effects between iron-soot 
mixtures were observed (Guo et al., 2009). These results also show the impact of a reducing 
ligand on Fe(III) as minimal reduction has been shown to occur in regard to lake water samples 
stored in the dark for greater than 24 hours (Emmenegger et al., 2001).  
Table 4-6 summarizes the results found for all soot types (P90, L101, XE02, and GfG 
soot) tested. Table 4 shows specific results for surface area (m2g-1) and percent (%) functional 
groups at the surface of soot controls and mixtures. Fe(II) concentrations at 0 minutes, 120 
minutes and 48 hours can be found in Table 5 for all dark reaction experiments. For samples 
exposed to light, Fe(II) concentrations can be found in Table 6.  
Principal component analysis was used to determine significant trends between surface 
area, functional groups on the surface of soot and Fe(II) formation. Using SPSS statistics 
   
74 
 
software, the statistical method commonly called analysis of variance or ANOVA was used to 
test differences between independent groups. The means were compared between groups to 
test the null hypothesis. Our statistical results proved that all individual factors were 
significantly different from each other. Meaning that neither surface area or functional groups 
on the surface of soot correlated to Fe(II) production. These results contradict the ability of 
functional groups on the surface of soot to reduce Fe(III) to Fe(II) as it has been shown in other 
work where nucleation of iron oxides with soot induces chemical reactions between PAHs and 
Fe(III) to make Fe(II) (Herring et al., 2013). The discrepancy between our results and previous 
work in other labs could in part be due to the heterogeneity of the soot material and the 
qualitative nature of results obtained with XPS, as only small sections of the soot were 
analyzed. The following explanation will discuss the inconsistencies found in our work and the 
impact each individual factor played on Fe(II) formation.  
Table 4 Data summary 1: P90, L101 and GfG results for surface area, and XPS under different 
treatment conditions.  
 
Temperature (°C) Environment % C-H % C-OH % C=O
P90uT 25 untreated 300.00 77.9 5.4 16.7
P90HuT 25 untreated 253.11 47.2 44.5 8.3
P90600N 600 N2 197.12 63.4 27.0 9.6
P90H600N 600 N2 1026.00 78.4 15.9 5.7
L101uT 25 untreated 27.78 74.4 21.3 4.4
L101HuT 25 untreated 37.14 62.9 34.3 2.8
L101600N 600 N2 28.65 66.4 31.6 2.0
L101H600N 600 N2 31.20 64.2 31.1 4.6
GfGuT 25 untreated 449.49 65.6 5.1 29.3
GfGHuT 25 untreated 416.98 67.6 30.0 2.4
GfGH600N 600 N2 - 70.8 23.5 5.6
Sample ID
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Table 6 Data summary 3: P90, L101, XE02 and GfG results for Fe(II) production while exposed to 
solar light at time 0 and 120 minutes. Rate first 40 minutes (uM/min); Standard deviation (sd); 
Light blue columns: % Fe(II)/Total Fe  
 
Ferrous iron production was seen in all samples but the impact surface area or the 
functional groups on the soot surface alone had on iron reduction was insignificant. This does 
not necessarily mean that surface area or surface functional groups did not have any play on 
the reduction of iron. Instead, these studies suggest that multiple factors in soot control the 
rate of iron reduction since reduction of Fe(III) to Fe(II) was seen throughout all soot types. In 
some cases, high surface area samples like XE02, which are expected to contain more active 
sites, did not reduce iron as efficiently as smaller surface area soot samples like L101 soot. In 
general, the more active sites found in a compound the more likely it is to react but these 
results provide an exception to the general surface area trend, which can occur because of the 
Rate
(µM/min) sd 0 min sd 120 min sd %Fe(II)/Total Fe
P90uT 0.003 0.003 0.677 0.269 0.902 0.087 0.017
P90HuT 0.049 0.006 0.793 0.231 4.790 0.651 0.089
P90600N - - - - - - -
P90H600N - - - - - - -
P90600TP 0.001 0.001 0.088 0.019 0.081 0.035 0.002
P90H600TP 0.000 0.002 0.055 0.058 0.248 0.058 0.005
L101uT -0.001 0.000 0.082 0.031 0.066 0.008 0.001
L101HuT 0.108 0.007 1.967 0.394 13.715 2.237 0.255
L101600N - - - - - - -
L101H600N - - - - - - -
L101600TP -0.001 0.001 0.080 0.022 0.072 0.000 0.001
L101H600TP 0.001 0.001 0.240 0.126 0.453 0.173 0.008
GfGuT - - - - - - -
GfGHuT - - - - - - -
GfGH600N - - - - - - -
GfG600TP 0.004 0.002 0.076 0.029 0.157 0.073 0.003
GfGH600TP 0.016 0.006 0.881 0.422 1.658 0.113 0.031
XE02uT 0.003 0.002 0.075 0.041 0.056 0.009 0.001
XE02HuT 0.043 0.013 2.258 0.441 6.069 0.538 0.113
XE02600TP 0.015 0.002 0.493 0.076 1.044 0.086 0.019
XE02H600TP 0.029 0.015 0.893 0.312 9.514 2.816 0.177
Sample ID
Fe(II) Production - Light (µM)
   
77 
 
structural characteristics of each soot type. This was seen for iron-soot samples exposed to 
light, samples without exposure to light, treated samples and non-treated samples.  
XPS analysis of the soot-iron mixtures indicate a slight oxidation process for the non-
treated compounds. This oxidation process provides the necessary electrons for Fe(III) to make 
Fe(II) and undergo an aging stage, which is facilitated by the carbon/oxygen functional groups 
dominating the surface chemistry of soot. While some reliable data was extrapolated for the 
samples, our results were inconsistent. Only a fraction (two sites) of the whole iron-soot 
mixture and controls was examined. Thus, Figures 25-26 only show the average percentage of 
functional groups at two completely different sites. These sites also failed to show any iron-soot 
interactions. Therefore, comparing the percentages of each functional group extrapolated fails 
to recognize the impact hematite or heat treatment might have on the overall surface of each 
soot type. Qualitatively, however, we can see that each soot sample tested contained large 
quantities of carbon and oxygen but failed to find any iron. The C 1s and O 1s lines quantified 
from the soot surface confirmed the high percentages of C-O-H, O-C=O, C-H, and C-C structures. 
Possible structures that can be made from the functional groups extrapolated and commonly 
found on the surface of soot are shown in Figure 43.  




Figure 43 Possible structures of surface carbon and oxygen groups. Adapted from Boehm and 
Voll, 1970.  
The magnitude of Fe(II) formation was, however, significantly different depending on 
the soot type used and whether samples were mixed, isolated or heat treated. These 
differences in Fe(III) reduction can be explained by a variety of compositions that can occur 
between iron-soot particles within or on the surface of soot or simply because of soot type. 
During thermal annealing, it is possible for iron to be encapsulated within crystalline or 
amorphous carbon (Masuda et al., 2000). Iron particles have previously been synthesized with 
Fullerene (C60), a hollow nanocapsule, to make encapsulated functional nanomaterials that can 
facilitate electron transfer (Kizuka et al., 2012). XRD results qualitatively confirmed that both 
peaks (25° and 43° 2θ, Figures 13-16) found for soot correspond to the hexagonal graphite 
lattice of multi-walled carbon nanotubes (Dikio, 2011) with the higher intensity peak (25° 2θ) 
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indicating the presence of sp2 bonded carbon atoms and the presence of ordered carbon 
nanotubes (Yu et al., 2010; Manoj et al., 2012). Other metals like Nickel (Ni), Copper (Cu) and 
Cobalt (Co) can also become encapsulated with soot and possibly impact the reacting capability 
of the surface of soot. Since we know from ICPMS data that other metals can exist in soot, 
indirectly, these metals could partially enhance or inhibit Fe(II) formation in iron-soot mixtures 
regardless of soot’s overall surface area. Further testing would be required to determine the 
impact other metals may have on the reduction of Fe(III) to Fe(II) between iron-soot mixtures 
and the redox states of Fe occlusions in soot.  
Soot-iron reactions can also occur through a parallel orientation on the surface of both 
carbonaceous material and Fe through a charge transfer from the π orbitals of the aromatic 
rings to the hydroxylated (OH) group of the iron oxide-hydroxide (Nagao and Suda, 1989). This 
kind of interaction is consistent with the surface area findings for hematite (27.78 m2g-1), which 
indicate that iron has larger particles than most soot types (> 50 m2g-1) specially after heat 
treatment (Figure 11). It is likely that most soot-iron reactions will occur by soot particles 
surrounding iron instead of iron fitting in the active sites of soot. If this is true, it would explain 
the reason why surface area alone does not control Fe(II) formation. If soot is becoming more 
organized and more sp2 bonded graphite sheets are developing with iron-soot interactions then 
we can further explain the increased Fe(III) reduction to Fe(II) after heat treatment for the iron-
soot mixtures. This is consistent with the higher Fe(II) concentrations found in the heat-treated 
samples and more specifically for GfG soot samples. Generated GfG soot contained strong 
graphite characteristics as was found by XRD (Figure 16). These characteristics are likely for GfG 
soot as two graphite rods were used to make it. Figure 44 outlines different pathways of Fe(II) 
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formation by soot electron transfer through a parallel interaction with iron (Herring et al., 
2013). The importance of understanding the surface chemistry of soot comes in to play with 
these types of iron-soot interactions. While XPS has shown soot particles to contain a surplus of 
carbonyl surface functional groups and C-C chains (Figure 25), we were unable to depict the full 
redox state of each soot particle before and after exposure to different heat treatments. 
Further testing will need to continue investigating the soot surface and take in consideration 
the opposing oxidation reactions that occur simultaneously when Fe(III) is being reduced to 
Fe(II). Any exposure to atmospheric air will change the Fe(II) state to its more stable state 
Fe(III). Our results also indicate that initial Fe(II) for many of our leaching experiments had 
increased Fe(II) concentrations at time of mixing (time zero). This was likely because iron-soot 
reactions occur during heat treatment and because leaching occurs in acidified N2-purged 
MilliQ water that is thereafter left open to atmosphere. Following work has confirmed this 
observation that at time 0 of the leaching experiments Fe(II) concentrations can be high but 
drop quickly within 5-10 min for then to rise again.  
 




Figure 44 Parallel pathways of Fe(III) reduction to Fe(II) by carbonaceous material. Adapted 
from Herring et al., 2013. 
In the present study, we hypothesized that soot particles were more effective in iron 
reduction if they had more electron-donating capable functional groups on the surface. We 
have also discussed some iron-soot reactions that can alter soot to a more graphite like state, 
which would facilitate electron transfer and enhance reduction of Fe(III) to Fe(II). For the 
untreated samples, soot was found to be composed of high percentages of hydrocarbons 
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capable of supplying the necessary electrons to Fe(III). However, at high temperature treated 
conditions, it is possible that (1) the available functional groups on the soot surface change 
redox state, (2) the orientation of the carbon sheets reconfigure, (3) the available active sites 
within the surface of soot change, and (4) adsorption or desorption of some of the elements 
from soot may cause an activation-inhibition for the process of Fe(II) production. In the 
presence of inert gases interacting with iron-soot mixtures with the combined temperature 
increase also provides evidence of small Fe(II) production but not enough to eliminate soot as 
the main contributor. Samples treated to inert conditions (N2 or TP) were found to undergo a 
further surface reduction, which was seen from the peak area percentages at the C 1s lines. It is 
possible that under these environmental conditions, the soot compound undergoes the four 
recently described changes and therefore arranging in such a way that more electron-donating 
functional groups are exposed and capable to interact with Fe. For those samples that do not 
agree with our results, we assume other factors like particle aggregation can play a significant 
role. Particle aggregation has been known to impact the fraction of total surface area that is 
accessible to other compounds (Roden and Zachara, 1996). This idea along with our results 
indicate that factors such as soot structure and surface morphology can have an important role 
on iron reduction. While the surface areas at these environments varied significantly, it does 
not eliminate the possibility of having more functional groups capable of reducing Fe(III) on the 
soot surface. With these comments in mind, and the ability of carbonaceous material to donate 
electrons, it is possible that the iron reduction seen for these samples comes from the 
structural changes of soot during treatment. 
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In terms of the overall contribution that soot may have on Fe(II) formation in the 
atmosphere, our results account for 0.001% to 0.30% Fe(II) per total-Fe formation depending 
on the soot used and treatment condition during the first 120 minutes. Extended reactions 
times in the dark (48 hours) produced up to 0.82% Fe(II) per total-Fe, observed for N2 heat 
treated samples. Exposure to light, lead to 0.001% to 0.26% Fe(II) per total-Fe within 2 hours. 
Other results measuring the solubility of iron in the atmosphere have shown a wide range of 
values as compared to our results. Majestic et al. (2006) indicated that the coarse fraction of 
aerosols found in an urban area of St. Louis, Illinois contained almost 50% of the total soluble 
Fe(II). While Chuang et al. (2005) found 0.58% soluble Fe during no dust days in Cheju, Korea. In 
urban sites in Georgia, Oakes et al. (2012) found Fe(II) between 5% and 35% of total iron. 
Similar work performed by Siefert et al. (1999) has shown that Fe(II) is rarely more than 50% of 
total iron in some U.S. cities. Previous work in our lab concluded that the percent relative 
contribution of Fe(II) to total Fe in Seattle and Ellensburg, Washington averaged 4.2% and 0.5%, 
respectively (Faiola et al., 2011). If we compare the difference between urban areas to more 
remote locations, Zhu et al. (1993) found Fe(II) to be smaller than 1% of total iron in Barbados. 
With light significantly increasing Fe(II) in the day time by almost double the amount seen at 
night (Zhu et al., 1997).  To put our results in perspective, it seems that the reduction of Fe(III) 
to Fe(II) induced by soot in atmospheric samples may be less significant compared to other 









The present research has spotlighted in some detail the reactions occurring during co-
exposure of carbonaceous soot material with hematite (α-Fe2O3). While significant Fe(III) 
reduction to Fe(II) was seen with soot-iron mixtures, soot reactivity varied significantly. Up to 
0.82% Fe(II) per total-Fe was observed for inert (N2) heat treated conditions while 0.71% Fe(II) 
per total-Fe was observed for tailpipe-like (TP) heat treated conditions after 48 hours.  As it 
pertains to soot formation from vehicle exhaust, soot chemical composition depends greatly on 
the engine type, fuel composition and fuel oil additives. This observation is based solely on the 
unique characteristics concluded for the soot types used in this research. Thus, to examine 
Fe(II) formation from soot-iron reactions in the exhaust it is necessary to study each parameter 
individually to determine what factors control Fe(II) formation. Our results determined that 
dark environments caused large synergistic effects and enhanced Fe(II) formation after heat 
treatment in inert conditions. The magnitude of Fe(II) formation for all mixtures pointed 
towards the behavior exhibited by iron when mixed with soot as it will likely find itself trapped 
by carbon spherules or oriented parallel to soot. If these assumptions are correct, it is possible 
that iron is released into the atmosphere under many different forms with carbon and possibly 
explain some of the inconsistencies seen from previously calculated levels of Fe(II) in the 
atmosphere. Exposure to light did not reduce Fe(III) significantly for the same mixtures but 
significant Fe(II) formation was seen from the individual exposure of hematite. The implications 
light can have on the interactions between iron-soot indicate that, during night-time, Fe(II) 
formation by soot can increase and remain stable thus significantly contributing to total Fe(II) 
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concentrations in ambient aerosol particles. The mechanisms discussed in this paper are still in 
question and further investigations will need to look at the role of particle aggregation, soot 
surface modifications after heat treatments, soot alterations by metals, and the behavior of Fe 
with soot surfaces as these seem to impact the magnitude of Fe(II) formation.  
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Appendix A- XPS Wide-scan Spectral Plot 
 
Figure A 1 XPS wide scan photoemission spectral plot for P90uT.  
 























































































Figure A 3 XPS wide scan photoemission spectral plot for P90600N.  
 









































































Figure A 5 XPS wide scan photoemission spectral plot for L101uT.  
 







































































Figure A 7 XPS wide scan photoemission spectral plot for L101600N 
 











































































Figure A 9 XPS wide scan photoemission spectral plot for GfGuT. 
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Appendix B- XPS C 1s and O 1s Region 
 
Figure B 1: High energy resolution photoemission spectra of the C 1s region. Qualitative results 
indicating possible functional groups at the C 1s region of soot noted by the vertical dash lines at 
a range of 284-291 eV. Sample 1 (red): P90HuT, Sample 2 (blue): L101HuT, *Sample 3(green): 
Not applicable to this paper (N/A).  
 
Figure B 2: High energy resolution photoemission spectra of the O 1s region. Qualitative results 
indicating possible functional groups at the O 1s region of soot noted by the vertical dash lines 
at a range of 532-534 eV. Sample 1 (red): P90HuT, Sample 2 (blue): L101HuT, *Sample 3(green): 
Not applicable to this paper (N/A). 




Figure B 3: High energy resolution photoemission spectra of the C 1s region. Qualitative results 
indicating possible functional groups at the C 1s region of soot noted by the vertical dash lines at 
a range of 284-291 eV. Sample 4 (red): GfGHuT, *Sample 5 (blue): Not applicable to this paper 
(N/A), Sample 6 (green:) GfGuT. 
 
Figure B 4: High energy resolution photoemission spectra of the O 1s region. Qualitative results 
indicating possible functional groups at the O 1s region of soot noted by the vertical dash linesat 
a range of 532-534 eV. Sample 4 (red): GfGHuT, *Sample 5 (blue): Not applicable to this paper 
(N/A), Sample 6(green): GfGuT. 
 




Figure B 5 High energy resolution photoemission spectra of the C 1s region. Qualitative results 
indicating possible functional groups at the C 1s region of soot noted by the vertical dash lines at 
a range of 284-291 eV. Sample 7 (red): P90uT, Sample 8 (blue): L101uT, Sample 9 (green): 
GfGH600N.  
 
Figure B 6 High energy resolution photoemission spectra of the O 1s region. Qualitative results 
indicating possible functional groups at the O 1s region of soot noted by the vertical dash lines 
at a range of 532-534 eV. Sample 7 (red): P90uT, Sample 8 (blue): L101uT, Sample 9(green): 
GfGH600N. 




Figure B 7 High energy resolution photoemission spectra of the C 1s region. Qualitative results 
indicating possible functional groups at the C 1s region of soot noted by the vertical dash lines at 
a range of 284-291 eV. Sample 10 (red): P90H600N, *Sample 11 (blue): Not applicable to this 
paper (N/A), Sample 12 (green): L101H600N.  
 
Figure B 8 High energy resolution photoemission spectra of the O 1s region. Qualitative results 
indicating possible functional groups at the O 1s region of soot noted by the vertical dash lines 
at a range of 532-534 eV. Sample 10 (red): P90H600N, *Sample 11 (blue): Not applicable to this 
paper (N/A), Sample 12(green): L101H600N.  




Figure B 9 High energy resolution photoemission spectra of the C 1s region. Qualitative results 
indicating possible functional groups at the C 1s region of soot noted by the vertical dash lines at 
a range of 284-291 eV. Sample 13 (red): P90600N, Sample 14 (blue): L101600N, *Sample 15 
(green): Not applicable to this paper (N/A) 
 
Figure B 10 High energy resolution photoemission spectra of the O 1s region. Qualitative results 
indicating possible functional groups at the O 1s region of soot noted by the vertical dash lines 
at a range of 532-534 eV. Sample 13 (red): P90600N, Sample 14 (blue): L101600N, *Sample 15 
(green): Not applicable to this paper (N/A) 
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Appendix C- XPS Quantification of C 1s and O 1s Region 
 
Figure C 1 XPS quantification at the C 1s line shape for P90HuT. 
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Figure C 3 XPS quantification at the C 1s line shape P90uT. 
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Figure C  5 XPS quantification at the C 1s line shape for P90H600N. 
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Figure C 7 XPS quantification at the C 1s line shape for P90600N. 
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Figure C 8 XPS quantification at the C 1s line shape for L101HuT.  
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Figure C 10 XPS quantification at the C 1s line shape for L101uT. 
 











































291 288 285 282



































540 537 534 531 528
Bi ndi ng E nergy (eV)




Figure C 12 XPS quantification at the C 1s line shape for L101H600N. 
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Figure C 14 XPS quantification at the C 1s line shape for L101600N. 
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Figure C 16 XPS quantification at the C 1s line shape for GfGHuT. 
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Figure C 18 XPS quantification at the C 1s line shape for GfGuT.
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Figure C 20 XPS quantification at the C 1s line shape for GfGH600N. 
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